We analyze the one loop corrections to hadronic Z decays in an R-parity violating extension to the Minimal Supersymmetric Standard Model (MSSM). Performing a global fit to all the hadronic observables at the Z-peak, we obtain stringent constraints on the R-violating coupling constants λ ′ and λ ′′ . The presence of these couplings worsens the agreement with the data relative to the Standard Model. The strongest constraints come from the b asymmetry parameters A b and A FB (b). From a classical statistical analysis we find that the couplings λ ′ i31 , λ ′ i32 , and λ ′′ 321 are ruled out at the 1σ level, and that λ ′ i33 and λ ′′ 33i are ruled out at the 2σ level. We also obtain Bayesian confidence limits for the R-violating couplings.
I. INTRODUCTION
R-parity conservation is often assumed in supersymmetric model building in order to prevent a host of phenomenological complications such as fast proton decay. This also serves to make the lightest supersymmetric particle (LSP) stable and thus provide a dark matter candidate. However, R-parity conservation is not a necessary condition for avoiding many of these problems. For example, the imposition of other discrete symmetries, such as conservation of either baryon number or lepton number, may be adequate to provide phenomenologically acceptable models. (For recent reviews, see Ref. [1] .) Furthermore, the evidence for neutrino mass recently observed at Super-Kamiokande [2] lends improved motivation to consider R-parity violating extensions to the minimal supersymmetric standard model (MSSM). Therefore, one is led to question just how much R-parity violation can be introduced without conflict with current experimental data. In this paper, we study the radiative corrections from R-parity violating extensions of the MSSM to the electroweak observables in hadronic Z decays, namely the ratios of hadronic partial widths and the parity violating asymmetries. Experimental data from LEP and SLD place stringent limits on the size of these corrections, thereby constraining the possible strengths of the R-violating interactions.
We focus on the effects of the R-parity violating superpotential and neglect possible effects from the corresponding soft-breaking terms [3] . This simplification allows us to rotate away the bilinear terms [4] . In this case, the R-parity violating superpotential has the following form:
whereL i ,Ê i ,Q i ,Û i , andD i are the MSSM superfields defined in the usual fashion [5] , and the subscripts i, j, k = 1, 2, 3 are the generation indices. These interactions can give potentially sizeable radiative corrections to the hadronic observables depending on the size of the coupling constants λ, λ ′ , and λ ′′ . The λ couplings are already tightly constrained to be O(10 −2 ) or less, and their effect on the Z-peak observables is negligible [6] . 1 The constraints on the λ ′ and λ ′′ couplings are much less stringent. However, they cannot be present simultaneously in the Lagrangian since this would lead to unacceptably fast proton decay [1] . Therefore, we can make the further simplifying assumption that only one or other of the operatorsL iQjDk andÛ iDjDk is present at a time.
When constraining R-violating interactions using experimental data, it is important to provide a consistent accounting of the corrections from the R-conserving sector also since they may be sizable depending on the choice of SUSY parameters. It is also important to include all the affected observables in a global fit since different observables may pull the fit values in opposite directions. This was illustrated in our previous paper [7] in which the violation of lepton universality was used to constrain the λ ′ couplings. There, the Zlineshape observables alone preferred a 2σ limit of |λ ′ 33k | < 0.30, but a global fit resulted 1 They do not affect the quark couplings in any case.
in |λ ′ 33k | < 0.42. Neither of these points were considered in previous works such as Ref. [8] where R-conserving corrections were neglected altogether, and only corrections to the ratios of hadronic to leptonic partial widths R ℓ = Γ had /Γ ℓl (ℓ = e, µ, τ ) were considered. It is clear that these ratios receive R-conserving corrections from top-Higgs and chargino-sfermion loops, as well as QCD and gluino corrections which depend strongly on α s (M Z ). Therefore, the resulting 1σ bound of |λ ′′ 3jk | ≤ 0.50 of Ref. [8] is hardly robust. In this paper, we consider all the purely hadronic observables which can be expressed as ratios of the quark couplings to the Z, i.e. the ratios of hadronic partial widths and the parity violating asymmetry parameters. These are unaffected by QCD and gluino corrections since they modify the left-and right-handed quark couplings multiplicatively, leaving the ratios of the couplings intact.
2 The rest of the R-conserving sector induces relevant corrections to the left-handed quark couplings only, whereas the R-breaking sector affects predominantly the right-handed quark couplings. This allows us to parametrize and constrain the R-conserving and R-breaking corrections separately, thereby constraining the R-breaking sector without making ad hoc assumptions about the R-conserving sector.
3 Also, since we incorporate into our fit the corrections to the forward-backward and polarization asymmetries which are much more sensitive than R ℓ to the shifts in the right-handed quark couplings, we are able to substantially improve the limits on the R-breaking interactions.
This paper is organized as follows: In section II we discuss the approximations we make to simplify our analysis. In sections III and IV we discuss how the λ ′ and λ ′′ interactions affect the couplings of the quarks to the Z. Section V discusses the corrections from the Rconserving sector. In sections VI and VII, we parametrize the R-conserving and R-violating corrections to the LEP/SLD observables and fit them to the latest expermental data, and then translate the result into limits on λ ′ and λ ′′ . In section VIII, we provide the Bayesian confidence limits on λ ′ and λ ′′ with the a priori assumption that the MSSM with R-violation is the correct underlying theory. Section IX concludes.
II. PRELIMINARY SIMPLIFICATIONS
As we stated in the introduction, we only consider supersymmetric R-violating interactions and neglect the effects of soft-breaking R-violating terms. 4 We also neglect the λ interactions and consider only the λ ′ or the λ ′′ interactions at a time. In addition, left-right squark mixing is neglected since their effects are expected to be unimportant [7] . Even with these simplifications, we still have 27 independent λ ′ couplings or 9 independent λ ′′ couplings which must be considered.
However, a careful look at the diagrams which must be calculated begets a further simplification. The corrections to the Zqq vertex generated by the λ ′ and λ ′′ interactions in the superpotential fall into four classes:
1. One particle irreducible (1PI) diagrams with two scalars and one fermion in the loop.
2. 1PI diagrams with two fermions and one scalar in the loop.
3. 1PI diagrams with two fermions and one scalar in the loop, with two mass insertions on the fermion lines.
Fermion wavefunction renormalization diagrams.
In these diagrams, it is clear that the scalar must be the sparticle while the internal fermion must be an ordinary lepton or quark. The invariant masses of the external gauge boson and the external fermions must be set to m 2 Z and m 2 q ≈ 0, respectively. Of the four classes, the third class is finite while the 1/ǫ poles of the first two classes cancel against the poles in the fermion wavefunction renormalizations. An explicit evaluation of the finite pieces of the diagrams reveal [7] that they lead to numerically significant contributions only when the fermion running in the loop is heavy. In fact, the amplitude of a diagram with a massless internal fermion is only about 10% of that with an internal top-quark, assuming that the scalar (sfermion) mass is the same. Since each diagram is proportional to λ ′ or λ ′′ squared, dropping these 10% contributions to the amplitude will result in a 5% uncertainty in the limits obtained for the λ ′ and λ ′′ . We can therefore neglect any diagram which does not involve a top-quark. This means that the only R-violating couplings which are relevant to our discussion are λ ′ i3k (9 parameters) and λ ′′ 3jk (3 parameters). Furthermore, the values of the top-quark diagrams at m 2 Z → 0 provide an excellent approximation to the full integral. Henceforth we work in this approximation. (We note that the diagrams carrying only massless fermions would vanish in this limit even if we had previously retained them.)
In the limit m 2 Z → 0, the four classes of diagrams can be written in terms of the 1/ǫ pole piece and two independent functions of the fermion-scalar mass ratio x = m 2 f /m 2 s which we call f (x) and g(x). Their explicit forms are shown in the Appendix. We note that g(x), the function which appears in the two-scalar one-fermion, and the fermion wavefunction renormalization diagrams, vanishes rapidly as x → 1. Thus, the finite pieces of the the two-scalar one-fermion and the wavefunction renormalization diagrams may be neglected for small scalar-fermion mass splittings. Note further that if the poles of these diagrams cancel (as is the case for diagrams involving gluinos, for example), the m 2 Z = 0 finite pieces will also cancel. These considerations apply equally to R-conserving corrections leading to significant simplifications in their contributions as well, the details of which will be discussed in Sec. V.
III. CORRECTIONS FROM THE λ ′ INTERACTIONS
The R-parity violating λ ′ interactions expressed in terms of the component fields take the form
As discussed in the previous section, the dominant corrections to hadronic Z decays from these interactions are those which involve the top-quark. These are shown in Fig. 1 . (The diagrams with an internal top-quark and external leptons were considered in Ref. [7] .) This necessarily means that only the couplings of the right-handed down-type quarks d i R to the Z are corrected in our approximation. Using notation established in Ref. [7] , the corrections to the Z decay amplitude from these diagrams are
where
The tree level amplitude is h d iR times the expression in the square brackets. These corrections can be expressed as a shift in the coupling h d iR :
Henceforth we assume a common slepton mass mẽ iL = mẽ, i = 1, 2, 3. The full expression for δh i3k is well approximated by the leading m 2 Z = 0 piece of the expansion in the Z mass:
For mẽ = 100GeV, this becomes
The full shift to the coupling of the quark d k R to the Z due to R-violating λ ′ interactions is then obtained by summing over the slepton generation index i
Observe that this is a different combination of λ ′ couplings than the combination k |λ
which is constrained by lepton universality in Ref. [7] .
IV. CORRECTIONS FROM THE λ ′′ INTERACTIONS
The R-parity violating λ ′′ interactions expressed in terms of the component fields take the form
The SU(3) color indices are suppressed. Note that λ ′′ ijk is antisymmetric in the last two indices due to color anti-symmetrization.
Again, the corrections involving a top-quark are necessarily those with a right-handed down-type quark on the external legs as shown in Fig. 2 . Their respective contributions to the amplitude are:
The common leading factor of 2 in this equation is a consequence of the identity
These corrections shift the coupling of the right-handed down-type quark h d j R to the Z by
We assume a common squark mass md kR = md, k = 1, 2, 3. As in the λ ′ case, we have neglected all diagrams which vanish in the limit m Z → 0 in the above expression. Applying the same approximation to the leading diagrams leaves:
. For md = 100GeV, this becomes
The full shift to the coupling of the quark d j R to the Z due to R-violating λ ′′ interactions is then obtained by summing over the slepton generation index k
In contrast to the λ ′ case, λ ′′ interactions do not correct any of the lepton couplings to the Z. Thus they do not give rise to lepton universality violations, and no additional constraints on λ ′′ couplings arise from analysis of the lepton sector. Thus, all significant R-violating λ ′′ shifts to Z pole observables appear as shifts to the effective coupling of the Z to right-handed down-type quarks.
V. CORRECTIONS FROM R-CONSERVING INTERACTIONS
As stressed in the introduction, in order to isolate the effects of R-violating interactions we must properly parametrize the R-conserving radiative corrections (a partial study of these effects has also been performed in [25] ). We work in the limit of degenerate sfermion masses and tan β not large. In this limit, only two parameters are necessary to account for R-conserving effects.
We list all relevant vertex corrections from R-conserving MSSM interactions:
chargino-sfermion loops :
The fermion interactions with the gaugino component of the chargino can generate substantial corrections to the left-handed couplings of all the fermions (Fig. 3) . The correction to the up-type and down-type quark couplings from the diagrams shown in Figs. 3b,c,d are proportional to
where the dependence on the external momenta have been suppressed. In the limit m
A similar relation exists for the correction to the leptonic vertices provided mν L = mẽ L . In addition, the diagram of Fig. 3a changes sign with the isospin of the final-state fermion. As a result, the combined contribution from all the diagrams in Fig. 3 is proportional to the isospin of the final-state fermion but otherwise universal in the limit that all the (left-handed) squark and slepton masses are degenerate.
A shift proportional to the isospin can be written as an overall multiplicative change in the coupling and a shift in the effective value of sin 2 θ W :
Since we utilize only observables which are ratios of couplings, the multiplicative correction cancels and only the shift in sin 2 θ W is measurable. > 0. This is a result of the fact that (1) the charged Higgs contribution is always positive [24] and (2) explicit calculation shows that the leading p 2 /m 2 Higgsino contribution vanishes. Even for the subleading terms, in the limit of degenerate squark masses the gluinosquark loops induce only a universal shift to all of the Z-quark couplings. Just as for QCD corrections, this shift cancels in the ratios of hadronic widths and asymmetries and therefore does not enter into our analysis.
neutralino-sfermion loops :
The gaugino component of the neutralino generates shifts to all of the couplings 5 For the purpose of this analysis, we treat Higgsino and gaugino contributions separately.
( Fig. 6) . However, the only (potentially) significant diagrams are all of the two scalar, three sparticle variety. When these are combined with wavefunction renormalization diagrams, the leading m 2 Z = 0 pieces cancel in the sum (see Eq. 5.4). Therefore, these can be neglected altogether.
oblique corrections :
In addition to all these vertex corrections, R-conserving interactions can also affect Zpeak observables through vacuum polarization diagrams, aka the oblique corrections.
Oblique corrections can all be subsumed into a shift in the ρ parameter and the effective value of sin 2 θ W , the first of which cancels in all of the observables that we consider [11] .
Thus, in our approximation, the only R-conserving effects we need to consider are (1) a shift in the left-handed b coupling from charged Higgs/Higgsino corrections, and (2) a universal shift in the effective value of sin 2 θ W which subsumes the isospin-proportional correction due to chargino-squark loops as well as the oblique corrections.
VI. FIT TO THE DATA
As we have seen, the R-violating λ ′ couplings correct the left-handed couplings of the charged leptons and the right-handed couplings of the down-type quarks while the λ ′′ couplings correct the right-handed couplings of the down-type quarks only. The R-conserving chargino-sfermion correction is absorbed into a universal shift of sin 2 θ W (provided that all the sfermions are degenerate) while the Higgs-top correction is only relevant for the lefthanded b quark. Since we have already discussed the limits placed on the λ ′ couplings from the leptonic observables in a previous paper [7] , we will concentrate on the corrections to the quark observables and perform a fit which encompassed both the λ ′ and λ ′′ cases. In order to constrain the size of these corrections we will use the ratios of the hadronic parital widths
and the parity-violating asymmetry parameters
These observables have the convenient property that (1) they are insensitive to QCD and gluino-squark corrections, and (2) the only dependence on oblique corrections (vacuum polarizations) comes from a shift in the effective value of sin 2 θ W . This will permit us to constrain the parameters we are interested in without complicating the fit procedure by introducing gluon/gluino corrections or corrections to the ρ parameter.
Of the leptonic observables, we will include the ratio of electron to neutrino widths R ν/e = Γ νν /Γ e + e − and the electron asymmetry parameters A e and A FB (e) = 3 4 A 2 e to help constrain the universal R-conserving and oblique corrections. Corrections to A e must be considered in any case since it is present in the hadronic observables A FB (q). Though the left-handed lepton couplings receive corrections from the λ ′ interactions, the size of the correction particular to the electron is already so tightly constrained to be small by other experiments that we can neglect it entirely. We drop all µ or τ dependent observables from our fit so that we can use the result to constrain both the λ ′ and λ ′′ cases. In table I we list the experimental data we use in our fit with correlation matrices shown in tables II and III. We caution the reader that many of these numbers are preliminary results announced during the summer 1999 conferences so they, and our resulting fit derived from them, may be subject to change. Some comments are in order:
The ratio
is calculated from the first six Z-lineshape observables. Its correlation to A FB (e) is +28%. Its correlations to the µ and τ observables, which we drop, are negligibly small.
2. The τ polarization data has been updated from Ref. [13] with new numbers from DELPHI [14, 15] . We keep only A e and drop A τ . 
The SLD value of A LR (which is the same thing as
There is a +31% correlation between A * FB (s) and A * FB (u) [17] . Using these numbers instead of those shown in Table I will result in a slightly tighter constraint on the R-violating couplings, but we will present the results using the LEPEWWG numbers to be on the conservative side.
We denote the shift in sin 2 θ W due to oblique and chargino-sfermion corrections by δs 2 , and the shift from the Higgs interactions specific to the left-handed coupling of the b by δh . Then the shifts in the couplings of the quarks, the electron, and the neutrino are given by:
The dependence of the observables on these fit parameters can be calculated in a straightforward manner. For instance, we find: Fitting these expressions to the table I data, we obtain:
with the correlation matrix shown in table IV. The quality of the fit was χ 2 = 12.0/(16 − 5). The standard model predictions were obtained using ZFITTER v.6.21 [21] using m t = 174.3 GeV [22] and m h = 300 GeV. Except for δs 2 , the best-fit values and uncertainties of the parameters are virtually unchanged when the Standard Model Higgs mass is varied between 100 GeV and 1 TeV. By far the largest contribution to the χ 2 is from those observables (R ν/e , A FB (c) and A c contribute a combined 8.6) which serve only to compete with A LR in determining δs 2 . In Figs. 7 
The correlations between the fit values of the couplings are relatively small (see table IV ). The 1σ (2σ) [3σ] upper bounds are then
This imposes the following (2σ) [3σ] limits on the individual couplings in the sum:
For i = 1 and i = 2, stronger constraints at the 2σ level on the relevant couplings are available from other types of experiments [6] , so these constraints fail to improve previous results. The strongest constraint is on i = 3, where the best-fit value of the sum of squared couplings is negative even at 2σ. This constitutes a significant improvement in the upper bound on |λ ′ i33 | over previous bounds on these couplings which were nonzero at the 2σ level. These results are complementary to those obtained in Ref. [7] , in which a different combination of λ ′ couplings was constrained. In particular, for the λ ′ i33 couplings, the σ from the lepton universality constraints is much smaller, but the best-fit value of the squared couplings from the hadronic constraint is negative by an even greater statistical significance. 6 A strong independent constraint on λ ′ i33 will be available from the measurement of the invisible width of Υ resonance [23] .
Next, we consider the constraints on the λ ′′ couplings. These couplings have hitherto been constrained by experiment only weakly or not at all. Using Eq. 4.5, we can translate Eq. 6.2 into the bounds:
Again, the correlations between these constraints are relatively weak, so we neglect them henceforth. The 1σ (2σ) [3σ] upper bounds are then: 
′′
321 is excluded at the 1σ level. These bounds significantly improve the 1σ bound of |λ ′′ 33k | < 0.50 from R ℓ [6, 8] . These improvements on the bounds of λ ′ and λ ′′ are a consequence of the fact that while the data prefers a positive shift in the right-handed coupling of the b, which is non-zero by 2.6σ, both λ ′ and λ ′′ corrections shift the coupling in the negative direction. This situation is mitigated neither by introducing sfermion mass splittings nor by increasing tan β [26] .
VIII. BAYESIAN CONFIDENCE INTERVALS FOR λ ′ AND λ ′′
In the previous section we performed a classical statistical analysis, i.e. we performed a fit to the data without any a priori assumptions about the viability of the model. In particular, we made no assumptions about the signs of the coupling shifts when fitting the data. As a consequence, the best-fit values for the squares of the R-violating couplings were negative, resulting in strong 1σ and 2σ bounds.
An alternate method for calculating confidence levels is to use Bayesian statistical analysis. This technique assumes that R-violating SUSY is the correct underlying theory, and therefore that the shifts to the right-handed couplings are only permitted to be negative and However, care should be taken when using these bounds, since they hide the fact that the χ 2 of the corresponding fit is quite large even at low confidence levels. The probability of these bounds arising as a result of statistical fluctuations is therefore quite small.
Below we list the 68% (95%) confidence levels from the constrained fit:
The corresponding confidence limits on the couplings are:
The best-fit value for δh We see explicitly that the bounds obtained using the Bayesian analysis are weak, but the χ 2 associated with these bounds is uncomfortably large. If the error bars continue to shrink and the central values stay unchanged, the relevance of the constrained fit bounds must be questioned.
IX. SUMMARY AND CONCLUSIONS
We find that the hadronic Z-decay data from LEP and SLD can be used to place significant constraints on the size of R-parity violating λ ′ and λ ′′ couplings. This is possible because the dominant R-violating interactions correct the couplings of the right-handed down-type quarks only while the dominant R-conserving MSSM interactions correct only the left-handed couplings. The parity violating asymmetry parameters A q are particularly sensitive to shifts in the right-handed quark couplings while blind to shifts in the left-handed couplings. This allows us to constrain the R-violating interactions independently from the R-conserving sector.
Current data prefer a shift in right-handed quark couplings opposite to the direction predicted by the theory. As a consequence, all of the R-violating shifts considered in this work are excluded at the 1σ level. In the λ ′ case the strongest bound is on the λ ′ i33 , which are excluded at 2σ and on which we have set the 3σ bound The ratio R ν/e = Γ νν /Γ e + e − was calculated from the Z-lineshape observables. The Standard Model predictions were calculated using ZFITTER v.6.21 [21] with m t = 174.3 GeV [22] , m H = 300 GeV, and α s (m Z ) = 0.120 as input. (a)
Examples of leading 1PI R-parity conserving chargino-sfermion contributions subsumed into δs 2 . There are analogous diagrams with u L quark final states and with lepton final states.
(a) 
